Recurrent treatments with Bacillus thuringiensis subsp. israelensis are required to control the floodwater mosquito Aedes vexans that breeds in large numbers in the wetlands of the Bolle di Magadino Reserve in Canton Ticino, Switzerland. Interventions have been carried out since 1988. In the present study, the spatial distribution of resting B. thuringiensis subsp. israelensis spores in the soil was measured. The B. thuringiensis subsp. israelensis concentration was determined in soil samples collected along six transects covering different elevations within the periodically flooded zones. A total of 258 samples were processed and analyzed by quantitative PCR that targeted an identical fragment of 159 bp for the B. thuringiensis subsp. israelensis cry4Aa and cry4Ba genes. B. thuringiensis subsp. israelensis spores were found to persist in soils of the wetland reserve at concentrations of up to 6.8 log per gram of soil. Continuous accumulation due to regular treatments could be excluded, as the decrease in spores amounted to 95.8% (95% confidence interval, 93.9 to 97.7%). The distribution of spores was correlated to the number of B. thuringiensis subsp. israelensis treatments, the elevation of the sampling point, and the duration of the flooding periods. The number of B. thuringiensis subsp. israelensis treatments was the major factor influencing the distribution of spores in the different topographic zones (P < 0.0001). These findings indicated that B. thuringiensis subsp. israelensis spores are rather immobile after their introduction into the environment.
Biopesticides based on Bacillus thuringiensis are used world wide to control pest insects. Formulations containing B. thuringiensis subsp. israelensis (19) are applied on a large scale for the control of mosquito and black fly larvae (5, 10, 23, 24) . The entomopathogenic effect of B. thuringiensis subsp. israelensis is based on highly specific toxic proteins (Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, Cyt1Aa, and Cyt2Ba) that are produced during spore formation (8, 11) and deposited within the parasporal body.
Bolle di Magadino is a natural wetland reserve of approximately 660 ha, located in Canton Ticino, Southern Switzerland. This area is periodically flooded as a consequence of the rising level of Verbano Lake caused by heavy precipitation. Each flooding triggers synchronous hatching of a large number of the floodwater mosquitoes Aedes vexans and Ochlerotatus sticticus. To limit the number of mosquitoes, treatments with the granular B. thuringiensis subsp. israelensis formulation Vectobac-G (200 international toxic units [ITU] mg Ϫ1 ; Valent BioSciences Corporation, Libertyville, IL) have been carried out regularly in this area since 1988. Larval breeding sites are treated with Vectobac-G by helicopter, spreading about 14 kg of product per hectare at each treatment. The frequency of B. thuringiensis subsp. israelensis applications depends on the degree of flooding and on the number of mosquito larvae developing in the area. On average, 2 to 3 applications are required per year. After more than 20 years of B. thuringiensis subsp. israelensis application, Bolle di Magadino represents an ideal model for a microbiological survey aiming at tracing the fate of B. thuringiensis subsp. israelensis released into the environment and to investigate possible long-term effects on target and nontarget organisms. The persistence and accumulation of allochthonous B. thuringiensis subsp. israelensis in the environment as a consequence of these regular treatments, although not proven to have a negative impact on the ecosystem, may, however, result in the acquisition of resistance by mosquito larvae after prolonged exposure to this biopesticide (17, 40) .
Bacillus thuringiensis is widely applied for biological pest control, but only general, nonquantitative information about its fate in the environment is available (30) . Regular B. thuringiensis subsp. israelensis applications are usually required in larval breeding sites because the active component does not exhibit residual activity (6, 18, 42) . The activity of the deltaendotoxin crystals seems to disappear quite fast from the feeding zones of the target insects. They either attach to organic solid matter, are inactivated by sunlight, or reach the sediment and bind to soil particles (17, 29) . It has also been reported that B. thuringiensis subsp. israelensis delta-endotoxins bind to humic acids and clays of acidic soils and are thus protected from microbial degradation but retain their biological activity (37, 38) . In contrast, the B. thuringiensis subsp. israelensis spores, applied together with the protein crystals, show high longevity. Like any other bacterial spores, they can persist in the environment for years (16, 17, 43) .
Limited information is available on the persistence and dis-tribution of B. thuringiensis subsp. israelensis spores in the Bolle di Magadino Reserve. De Respinis et al. (15) showed that within selected spots, the number of B. thuringiensis subsp. israelensis spores decreased between two Vectobac-G applications, although a given level always persisted. They concluded that a proliferation of B. thuringiensis subsp. israelensis between Vectobac-G treatments could be excluded. In their study, however, due to the laborious methodology of quantification, samples were collected only from a limited number of sites, each covering 1 m 2 . Thus, their data could not be extrapolated to the whole area and did not provide information on the overall distribution and the fate of the biopesticide in the soil. A large-scale analysis of the area using a faster quantitative method could help to determine the overall distribution of B. thuringiensis subsp. israelensis spores in the soil and to analyze factors influencing their distribution. The main aim of this study was to assess the quantitative distribution of Bacillus thuringiensis subsp. israelensis spores in the Bolle di Magadino natural reserve. The project encompassed the influence of the topography, the water flooding dynamics, and the frequency of the Vectobac-G applications on the B. thuringiensis subsp. israelensis spore distribution. The concentrations of B. thuringiensis subsp. israelensis spores were determined along transects covering different zones of various elevations flooded at different frequencies.
MATERIALS AND METHODS
Sampling design and collection methods. Samples were collected in December 2009, 135 days after the last B. thuringiensis subsp. israelensis treatment in that year. Six east-west transects measuring from 287 m to 439 m were selected in two representative areas of the reserve (see Fig. S1 in the supplemental material). The transects included zones of various elevations flooded at different frequencies over the past 22 years (Table 1) . A total of 93 sampling points along the transects were chosen. The exact elevation and coordinate reference were determined for each sample point using a Global Positioning System (GPS) device (GPS Leica System 1200ϩ using the Swipos-GIS/GEO positioning system; Leica Geosystems AG, Switzerland, and Swisstopo, respectively) with an accuracy of Ϯ2 cm. Seven sampling points with a measurement error higher than 4 cm were excluded from the analysis. At each point, triplicate samples were collected using a stainless-steel soil corer with an internal diameter of 2.5 cm (Eijkelkamp Agrisearch Equipment BV, Giesbeek, Netherlands). After having removed the upper 2 cm, containing loose litter of fresh decaying leaf and grass debris, cores of soil down to a depth of 7 to 8 cm were sampled. B. thuringiensis (Bt) spores are normally not found below a depth of 6 to 10 cm (43) . To avoid contamination, the soil corer was cleaned with 95% ethanol between each sampling. The probes were stored at 4°C until processed.
Analytical methods. Before DNA extraction, the soil samples were dried overnight at 60°C, homogenized, and sieved (2-mm-mesh sieve).
Nucleic acid extractions and quantitative PCR were performed as previously described by Guidi et al. (20) , with some modifications. Briefly, an aliquot of 250 mg from each soil sample was submitted to DNase treatment (200 U/ml DNase I; Roche Diagnostic AG, Rotkreuz, Switzerland) to digest free Bacillus DNA, followed by a spore germination step to facilitate cell disruption. DNA was then extracted using a FastDNA spin kit for soil (MP Biomedicals, Illkirch, France) (20) . DNA templates were analyzed in duplicate by quantitative PCR. The methodology developed by Guidi et al. (20) was slightly modified to amplify shorter fragments (159 bp) of the B. thuringiensis subsp. israelensis cry4Aa and cry4Ba genes and to optimize the reaction by reducing the number of PCR cycles needed for detection. A new TaqMan probe (Cry4Probe) and a reverse primer (Cry4R) were designed (Table 2) , and their sequences were checked for specificity in the GenBank database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Cry4Probe was labeled with the fluorescent FAM (6-carboxyfluorescein) reporter dye at the 5Ј end and with the TAMRA (6-carboxytetramethylrhodamine) quencher dye at the 3Ј end (Microsynth AG, Balgach, Switzerland). An internal positive control (TaqMan exogenous internal positive control [Exo IPC]-VIC probe; Applied Biosystems, Rotkreuz, Switzerland) was added to the reaction mixture to distinguish true-negative samples from PCR inhibition due to coextracted contaminants. Each reaction was performed in a 20-l final volume containing 10 l of TaqMan environmental master mix 2.0 (Applied Biosystems, Rotkreuz, Switzerland), 0.9 M Un4(d) forward primer (7), 0.9 M Cry4R reverse primer, 0.2 M Cry4Probe, 2 l 10ϫ Exo IPC mix, 0.4 l 50ϫ Exo IPC DNA, and 2 l template DNA. The reactions were carried out in a 7000 realtime PCR system instrument (Applied Biosystems, Rotkreuz, Switzerland). The thermal cycling conditions were 2 min at 50°C and 10 min at 95°C, followed by 45 cycles of 15 s at 95°C and 1 min at 60°C.
The inclusivity and exclusivity (32) of the new PCR conditions were checked as described by Guidi et al. (20) (20) . The spore concentrations per gram of soil were extrapolated from a standard curve generated by processing each extract in triplicate. The data were analyzed with the 7000 System SDS software, version 1.2.3f2 (Applied Biosystems, Rotkreuz, Switzerland), with the automatic settings used for the baseline and a threshold set at 0.2 ⌬R n (i.e., the magnitude of the signal generated by the specified set of PCR conditions).
Determination of the number of B. thuringiensis subsp. israelensis spores in Vectobac-G. To obtain baseline data, the number of spores per milligram of Vectobac-G was determined by quantitative PCR to calculate the amount of B. thuringiensis subsp. israelensis spores released at each sampling point during the past 2 decades. One granule of Vectobac-G was weighed, transferred to a test tube, and suspended in 1 ml of sterile water, followed by overnight incubation at room temperature to release the spores. The spore suspension was transferred to a clean Eppendorf tube. The extraction of spores from the granule was repeated, and duplicate DNA extraction from each spore suspension was performed as previously described (20) . Quantitative PCR was carried out in duplicate for each DNA extract. The whole analysis was done in duplicate.
Data analysis. The B. thuringiensis subsp. israelensis spore concentrations per gram of soil obtained with quantitative PCR analysis were log transformed, and the logs of the spore concentrations of the three duplicate samples from each sampling point along the transects were averaged.
The elevations of the sample points, ranging from 193.50 to 195.50 m above sea level (a.s.l.), were grouped into 25-cm intervals. The elevations between 195.00 and 195.50 m a.s.l. were merged into a single interval because only one sampling point was higher than 195.25 m a.s.l. For each elevation interval, the mean annual flooding period from 1989 to 2009 was calculated. The annual period selected for the determination of flooding dynamics ranged from 15 April to 31 July, which corresponds to the main hatching period of mosquito larvae and to the months during which treatments are generally required. We determined how many times a given elevation (interval) was treated with B. thuringiensis subsp. israelensis over the past 20 years. Since the B. thuringiensis subsp. israelensis product distributed by the spreader attached to the helicopter also reaches the adjacent waterfront, we considered the area corresponding to the level of the lake Ϯ 20 cm of elevation at the time of treatment to be B. thuringiensis subsp. israelensis treated. Data regarding B. thuringiensis subsp. israelensis treatments for the years 1988 and 1989 were lacking, as well as data for flooding events during the year 1988.
Pearson's correlation analysis, multifactorial analysis of variance (ANOVA, ␣ set to 0.05), and multiple linear regression analysis with the number of B. thuringiensis subsp. israelensis spores per gram of soil, the elevation, the mean flooding period, and the number of treatments as variables were carried out using R (version 2.9.1).
For each sampling point, the total number of B. thuringiensis subsp. israelensis spores applied during the treatments was estimated, assuming that the helicopter releases about 14 kg per hectare of Vectobac-G. Thus, every sampling point, measuring 2.5 cm in diameter, received 0.7 mg of product per treatment. The percentage of reduction of the number of spores was calculated for every sampling point and averaged. ANOVA (␣ set to 0.05) was performed to test the influence of elevation and mean flooding period on the percentages of spores which were recovered. Natural logarithmic transformations were used to normalize the percentages of spores recovered.
RESULTS

Distribution of B. thuringiensis subsp. israelensis spores.
The quantitative distribution of Bacillus thuringiensis subsp. israelensis spores in the soil of the Bolle di Magadino Reserve was assessed by quantitative PCR targeting the cry4Aa and cry4Ba plasmid genes encoding insecticidal toxins. The results are based on 258 probes sampled along the six transects. The number of B. thuringiensis subsp. israelensis spores per gram of soil was established based on a standard curve constructed using a serial dilution of known amounts of spores (Fig. 1) . B. thuringiensis subsp. israelensis spores were present in 99.6% of the soil samples. Only one sample was free of B. thuringiensis subsp. israelensis spores. The maximum concentration observed was 6.8 log B. thuringiensis subsp. israelensis spores g Ϫ1 soil. Amplifications of the internal positive control were neither completely inhibited nor retarded, indicating that the number of B. thuringiensis subsp. israelensis spores detected was not underestimated due to inhibition by coextracted humic substances.
The concentration of B. thuringiensis subsp. israelensis spores in the soil correlated well with the elevation, the frequency of treatments, and the duration of the temporary flooding events during the past 21 years. The elevations of sampling points ranged from 193.50 to 195.50 m a.s.l. A decreasing trend in the concentration of spores as a function of increasing elevation was observed (Fig. 2) . The mean concentration of spores and the elevation were inversely and strongly correlated (Pearson correlation coefficient, r ϭ Ϫ0.77; P Ͻ 0.0001). A positive correlation was seen between the mean flooding periods and the spore concentrations (Pearson correlation coefficient, r ϭ 0.71; P Ͻ 0.0001). A strong positive correlation (r ϭ 0.79; P Ͻ 0.0001) between the total number of Vectobac-G applications from 1989 to 2009 and the concentration of B. thuringiensis subsp. israelensis spores in soil could also be established (Fig. 3) .
A multifactorial ANOVA was carried out to test for significance of the mean flooding periods, the frequency of treatments, and the elevation following the concentration of B. thuringiensis subsp. israelensis spores. In the model, each variable was analyzed individually and in relation to the other variables to check for interaction. As interactions lacked statistical significance, only single variables were maintained in Persistence of B. thuringiensis subsp. israelensis spores. The number of B. thuringiensis subsp. israelensis spores per mg of Vectobac-G, determined by quantitative PCR, was 5.4 log, which is in agreement with the work of Snarski (36), who found 2 ⅐ 10 8 to 4 ⅐ 10 8 CFU g Ϫ1 . We calculated that every sampling point received about 0.7 mg of product per treatment. Thus, it was possible to estimate the average number of spores reaching the soil during a B. thuringiensis subsp. israelensis application, i.e., 1.8 ⅐ 10 5 spores. Knowing the number of B. thuringiensis subsp. israelensis applications since 1989, we calculated for every sampling point the total amount of B. thuringiensis subsp. israelensis spores introduced since the beginning of treatments and the percentages of spores that had disappeared after 22 years. The average spore loss after 21 years of treatments was 95.8% (95% confidence interval [CI], 93.9 to 97.7%). Accordingly, the percentage of spores recovered was 4.2% (95% CI, 2.3 to 6.1%) of the total number applied since 1989. According to the results of the ANOVA, the percentages of spores in soils were higher at lower elevations (P Ͻ 0.05) and decreased with increasing elevations (Fig. 4) . Thus, the elevation apparently plays a role in the persistence of B. thuringiensis subsp. israelensis spores (ANOVA, P Ͻ 0.0001). In contrast, the influence of mean flooding periods on the percentage of spores after 21 years of treatments was not significant (ANOVA, P ϭ 0.096).
DISCUSSION
In the present study, it was found that the spores of Bacillus thuringiensis subsp. israelensis were not homogeneously dispersed in the natural wetland of the Bolle di Magadino Reserve, where B. thuringiensis subsp. israelensis treatments have been carried out since 1988. The number of B. thuringiensis subsp. israelensis applications and the topography of the larval breeding sites are reflected in the distribution and the concentration of B. thuringiensis subsp. israelensis spores in the soil. It could be demonstrated that the spore concentration clearly depends on the number of treatments carried out over the past 20 years. Moreover, it could be shown that the spores are not displaced by water to other locations on the site after their introduction into the environment. Accordingly, flooding of the area outside the mosquito season, which is frequently observed between fall and early spring, seems not to displace the spores to nontreated areas. These findings are in agreement with the results obtained in previous studies, pointing out that B. thuringiensis subsp. israelensis is relatively immobile in the soil, both horizontally and vertically (1, 14, 22, 27 found to show a considerable persistence in the soil, but their number decreases over time. After 135 days from the last treatment, the number of spores that could be detected was approximately 6.8 log spores g Ϫ1 soil. The possibility that all these spores originate from the last treatments can be excluded. In fact, in several sampling points, the number of spores detected was higher than the total number of spores applied in 2009 (data not shown). Spores were detected, even if at low concentrations, in areas that received only one treatment, in 1997.
Including all treatments since 1989, on average, only 4.2% (95% CI, 2.3 to 6.1%) of the spores remained in the breeding sites. They disappeared gradually from the sites, persisting at levels that depended on the number of B. thuringiensis subsp. israelensis applications. The percentage of spore loss was shown to be related to the elevation, whereby the decrease in spore number was less in lower-elevation zones. Spore reduction is thus dependent on the cumulative total amount applied. Although spores may persist in the soil at low frequencies, a continuous accumulation due to regular Vectobac-G treatments was not observed. Our results are in line with the findings of De Respinis et al. (15) Our findings do not discriminate whether a fraction of the spores detected in soil samples resulted from on-site multiplication or whether they had been all introduced with treatments and have persisted in soil without germination and multiplication. According to the literature, Bt spores grow and sporulate in soils supplemented with additional nutrients or in previously sterilized soil (34, 41) . Other authors demonstrated that Bt spores were not able to germinate in the soil under natural conditions (2, 31) . There is evidence that B. thuringiensis subsp. israelensis spores can germinate and proliferate in cadavers of mosquito larvae (3, 25) , where an exchange of plasmids may occur (39) . Recent studies also showed the germination of Bacillus spores outside their host: Bacillus anthracis was found to multiply in the rhizosphere of grass plants (33) , B. thuringiensis subsp. kurstaki was able to proliferate in the phylloplane of clover (9) and in the digestive tract of earthworms (22) , and germinating B. thuringiensis subsp. israelensis cells were detected in excreted food vacuoles of protozoa (26) . Nevertheless, even if germination and proliferation of spores occur in the environment, we may assume that this is only a very minor proportion, as their total number shows a general decrease. It is likely that the impact of abiotic factors, such as UV irradiation (28), on the spore concentration outweigh the impact of germination and cell multiplication.
The methodology used in the present study is based on the quantification of spores carrying the cry4A and cry4B genes, located on the pBtoxis plasmid. Since transfer of the plasmid to Bacillus cereus or another closely related species requires germination of spores, multiplication, and a large number of vegetative cells in close contact to allow conjugation, we can assume that the spores detected in soil by our method are B. thuringiensis subsp. israelensis spores. This is supported by a previous study carried out in the Bolle di Magadino Reserve, where it was shown that the percentage of B. thuringiensis subsp. israelensis spores within the Bacillus cereus morphotypes isolated from soil and sediment samples was 3.5% (12) . By ribotyping, Chappuis (12) confirmed that all of the 76 cry4-positive colonies were B. thuringiensis subsp. israelensis, excluding any plasmid transfer between B. thuringiensis subsp. israelensis and other closely related Bacillus isolates.
In conclusion, this study contributes to a better knowledge of the dispersion, distribution, and persistence of B. thuringiensis subsp. israelensis spores released in the environment of a natural wetland reserve following large-scale treatments against mosquito larvae. We showed that the distribution of spores is mainly influenced by the number of B. thuringiensis subsp. israelensis treatments in the different topographic zones. Moreover, the lack of spore dispersion and continuous accumulation after 2 decades of B. thuringiensis subsp. israelensis applications confirms the environmental safety of this biopesticide. 
